Experimental
Introduction
Ammonium and alkali thiocyanates find applications in several fields, including photography, catalysis, agricultural chemicals, the dyeing and printing of textiles, and rust inhibition. Ammonium thiocyanate is an important starting material in the manufacture of thiourea. Though thiocyanate is not as toxic as cyanide, it is harmful to aquatic life. 1 The thiocyanate ion is present in humans as a result of the digestion of some vegetables, and as a metabolic product of compounds in tobacco smokes containing cyanide. 2, 3 In this respect, the concentration level of thiocyanate is considered to be a good probe to distinguish between smokers and nonsmokers. Thiocyanate is also known to block iodine uptake by the thyroid gland. The determination of thiocyanate in serum has been advocated to monitor therapy with sodium nitroprusside. The concentration level of thiocyanate is also considered to be important to assure the quality of vegetables; in fact, antinutritional effects of glucosinolates, a processing effect on oilseed rape and on cruciferous vegetables rich in indol-3-ylmethylglucosinolatws could be revealed by its presence. 4 Potentiometric ion sensors based on plasticized polymeric membranes that contain highly selective ionophores are specially used for the direct determination of ionic species in whole and diluted blood, serum, urine, tissue, and intercellular samples. 5, 6 If used in direct potentiometry, they have unique response characteristics compared with other analytical methods (such as atomic spectroscopy and chromatography methods) and allow the assessment of so-called free-ion activities. Ionselective electrodes (ISEs) can be conveniently miniaturized, either as microelectrodes with micrometer sensing tips, or as screen-printed sensing arrays that allow the simultaneous assessments of a variety of ions. 7 Solid-state thiocyanate-selective electrodes are commercially available, but show a large interference from I -and S 2-. 8 Most of these electrodes are based on vitamin B12 derivatives, 9,10 metalloporphyrines, [11] [12] [13] organomercury compounds, 14 Schiff base complexes of metal ions, 15 phthalocyanines [16] [17] [18] and organometallic complexes. [19] [20] [21] In all of these cases, the ligation of the primary anion to the central metal ion is responsible for the observed selectivity. Most of the thiocyanate potentiometric sensors have a serious interfering affect of other anions, such as I -, ClO3 -, Cl -, Br -and IO4 -.
In the present study, the operational features of a thiocyanateselective electrode based on N,N′-ethylene-bis(4-methylsalicylidineiminato)nickel(II) as an ionophore were investigated, and the possibilities of their application to analysis were considered. This sensor is potentially useful for the detection of thiocyanate in biological samples (e.g., urine), where the evaluated levels of thiocyanate correlate with excessive cigarette smoking. The proposed sensor displays a low detection limit and high selectivity and sensitivity to thiocyanate determination in biological samples.
which was distilled before use. The ionophore of N,N′-ethylene-bis(4-methylsalicylidineiminato)nickel(II) [Ni(EBMSI)] (Fig. 1 ) was synthesized and used after purification. All of the solutions were prepared using doubly distilled deionized water. The pH adjustments were made with dilute nitric acid and sodium hydroxide solutions as required. A stock solution of thiocyanate was prepared by dissolving an appropriate amount of potassium thiocyanate in 100 mL of water. Working solutions were prepared by successive dilutions with water. All of the working solutions were buffered at pH 5.0, using phosphate buffer solution.
The carrier, N,N′-ethylene-bis(4-methylsalicylidineiminato)-nickel(II) [Ni(EBMSI)], was prepared according to the following procedures.
The N,N′-bis(4-methylsalicylidene)-ethylenediamine ligand was synthesized from meta cresole through a procedure that was previously reported 22, 23 
Electrode preparation
Membrane ion-selective electrodes were prepared according to a previously reported method. 25 A mixture of PVC, plasticizer (DOP), and the membrane additive (TOMAC), total mass of 200 mg, was dissolved in approximately 10 mL of freshly distilled THF.
To this mixture was added an electroactive material [Ni(EBMSI)], and solution was mixed well. The resulting mixture was poured into a small flat bottom dish of 2 cm diameter, covered with a filter paper, and the solvent was allowed to evaporate at room temperature. The resulting membrane (ca. 0.2 mm thick) was then sectioned with a cork borer and mounted across the opening of a PVC tube of about 7 mm i.d. and 1.5 cm length using a glue of PVC in THF. The PVC tube with the membrane was then filled with an internal solution of in 1.0 × 10 -3 M KSCN. The filled electrode was conditioned by soaking in 1.0 × 10 -3 M KSCN. The first conditioning time was approximately 12 h and then 30 -40 min for successive uses. A silver/silver chloride electrode was used as an internal reference electrode.
Potential measurement and calibration
The potential build up across the membrane electrode was measured using a galvanic cell of the following type:
All potentials were measured at 25 ± 1˚C using a digital pH/mV meter, Model 691 Metrohm. A saturated calomel electrode (SCE, Metrohm) with a fiber junction was used as the external reference electrode. The activities were calculated according to the Debye-Hückle procedure; 26 for the calibration curve, the concentration instead of activity were used. The pH of the sample solution was monitored simultaneously with a conventional glass pH electrode (Metrohm).
The performance of the electrode was investigated by measuring its potential in potassium thiocyanate solutions prepared in the concentration range 1.0 × 10 -7 -1.0 × 10 -1 M by serial dilution at constant pH. All solutions were freshly prepared by dilution from the stock standard solution, 1.0 × 10 
Results and Discussion

Influence of membrane composition
Because of the presence of a polymeric membrane matrix in solvent polymeric membranes, the choice of membrane compositions is restricted within certain limits. Several membranes were prepared with different compositions. The optimized membrane compositions are summarized in Table 1 . The best response was observed with a membrane composed of the following ingredients: 31.5% PVC, 61% DOP, 6% ionophore, 1.5% TOMAC.
The data given in Table 1 reveal that the presence of an additive has a beneficial influence on the performance characteristics of the membrane electrode. 27 The presence of cationic additives, such as TOMAC, can reduce the ohmic resistance and improve the response behavior and selectivity of the membrane electrodes. 28, 29 Moreover, the additives may catalyze the exchange kinetics at the sample membrane interface. 29 Better response characteristics, i.e. Nernstian response and improved selectivity, were usually observed with an ionophore/TOMAC weight ratio of approximately 4.0, which corresponds to a mole ratio of approximately 4.2.
As is obvious from Table 1 , DOP is a solvent mediator used to prepare a thiocyanate ion-selective electrode. Plasticizers need to fulfill four principal criteria: high lipophilicity, solubility in the polymeric membrane (no crystallization) as well as no exudation (one phase system) and good selectivity behavior of the resulting membrane. It should be noted that the nature of the plasticizer influences both the dielectric constant of the membrane and the mobility of the ionophore and its complex. 5 Irrespective of the ionophore concentration, the slope was relatively larger when the DOP/PVC weight ratio was approximately 1.9.
The emf response of the thiocyanate-selective electrode (prepared under optimal membrane ingredients) indicates a rectilinear range from 1.0 × 10 -6 to 1.0 × 10 -1 M (Fig. 2) . The slope of the calibration curves was -58.9 ± 0.7 mV decade -1 of the thiocyanate concentration. In practice, slopes of between 55 and 59 mV decade -1 are referred to as Nernstian for analytical purposes. 30 This range was found to be in compatible with a commercial electrode. The limit of detection, as determined from the intersection of two extrapolated segments of the calibration graph, was 3.1 × 10 -7 M. 31 
Response characteristics of the electrodes
The potentiometric response of the prepared thiocyanateselective electrode was investigated against the thiocyanate ion concentration. For this purpose, appropriate aliquots of a stock solution of thiocyanate were introduced to the cell, and the corresponding potentials were determined. The potential readings were plotted against-log of the thiocyanate concentration. The characteristic properties of the optimized membrane are summarized in Table 2 .
The influence of the pH on the response of the membrane electrodes was examined at several SCN -concentrations, where the pH was adjusted with dilute nitric acid and sodium hydroxide solution. Typical results for 1.0 × 10 -3 M SCN -is shown in Fig. 3 . The results show that the sensor is suitable for thiocyanate determination over wide pH range of 3.5 -8.5. At higher and lower pH values, a drift in the potential was observed. The drift at lower pH values could be due to the protonation of nitrogen and oxygen sites of the ionophore (instability of the ionophore). The drift at higher pH values could be due to the response of the electrode to both SCN -and OH -. The influence of the concentration of the internal solution on the potential response of the polymeric membrane electrode was also studied. The concentration of the internal solution was changed from 1.0 × 10 -1 M to 1.0 × 10 -3 M. The concentration of the internal filling solution had a negligible effect on the potential response of the electrode, except for an expected change in the intercept of the resulting plots. A 1.0 × 10 -3 M concentration of the internal solution was found to be quite appropriate for a Nernstian function of the SCN --ISE. The optimum equilibration time for the membrane electrode in the presence of 1.0 × 10 -3 M KSCN was 12 h, after which it would generate stable potentials in contact with thiocyanate solution. The potentiometric response of the membrane electrode at different equilibrium times was examined using the optimized membrane composition and conditions described above.
In IUPAC recommendations, the response time was defined as the length of time between the instant at which the ISE and a reference electrode are brought into contact with a sample solution and the first instant at which the potential of the cell becomes equal to its steady state value within 1 mV or has reached 90% of the final value. 32 The response time of the electrode was measured after successive immersion of the electrode in a series of thiocyanate solutions, in each of which the thiocyanate concentration increased tenfold, from 1.0 × 10 -5 mol L -1 thiocyanate were ±0.6, ±0.7, ±0.8, and ±1.0 mV, respectively. The long-term stability of the electrode was studied by periodically recalibrating in standard solutions and calculating the response slope over the range of 1.0 × 10 -7 -1.0 × 10 -1 mol L -1 . The slopes of the electrode response were reproducible to within 5.0 mV decade -1 over a period of three months. The lifetime of solvent polymeric ion-selective electrodes is limited by leaching of the membrane components into the sample solutions. Unless the ionophore is covalently attached to the polymeric membrane matrix, the lifetime of solvent polymeric membrane electrodes is usually limited by leaching of the membrane components into the sample solution. It seems that complexation of the ionophore in the sample solution upon leaching, such as protonation of ionophores in samples of sufficiently low pH, decreases the overall lipophilicity of the ionophore and makes it sample-dependent. 33 
Selectivity of the electrode
The selectivity coefficient (Ki,j) is used to express the degree of selectivity of an ion-selective electrode for an interfering ion, j, with respect to the primary ion i. The selectivities of solvent polymeric membrane ion-selective electrodes (ISEs) are quantitatively related to the equilibria at the interface between the sample and the electrode membrane. Potentiometric selectivity coefficients (K pot SCN -,A -) describing the preference of the membrane for an interfering ion A -relative to SCN -were determined by the fixed interference method (FIM). The selectivity coefficients for various anions were evaluated by the mixed solution method with a fixed concentration of interference (0.10 M), and varying amounts of SCN -concentrations. Table 3 lists the potentiometric selectivity coefficient data of the sensor for several anions relative to SCN -. The selectivity coefficients clearly indicate that the electrode selective to thiocyanate over a number of other inorganic and organic anions. As is evident from the data in Table 3 -> SO4 2-> HPO4 2-. The selectivity coefficients of this electrode do not comply with the Hofmeister series, and show the selectivity that is near to a Hofmeister series. However, the lipophilicity of the anion still plays an important role, and only the simultaneous consideration of both the lipophilicity and interaction of the anion with nickle allows one to explain the selectivity patterns. 34 Table 4 lists the linear range, detection limit, slope, response time and selectivity coefficients of some of other thiocyanateselective electrodes against the proposed thiocyanate-selective electrode for comparative purposes. 25, [35] [36] [37] [38] As can be seen from the table, the selectivity coefficients obtained for the proposed electrode are superior to those reported for other SCN --selective electrodes listed in Table 4 .
Analytical applications
The high degree of thiocyanate selectivity exhibited by the electrode based on the [Ni(EBMSI)] carrier makes their potentially useful for monitoring the concentration levels of thiocyanate in biological samples. To assess the applicability of the membrane electrode to real samples, an attempt was made to determine SCN -in smoker and non-smoker urine and saliva. The quantification of salivary thiocyanate provides a reliable prediction of cyanide exposure, such as tobacco smoking, and as a suitable index for distinguishing smokers from nonsmokers. Measurements were carried out on different samples, taken from a cigarette smoker and a non-smoker by the standard addition method. The samples were diluted by a factor of 10 with phosphate buffer of pH = 5. The results were compared with the standard spectrophotometric method. 39 The results presented in Table 5 indicate good agreement between the potentiometric and spectrophotometric procedures. potential shows a usual logarithmic change with the volume of titration added, while the potential response after the end point will remain almost constant, due to the low concentration of free SCN -in solution. Therefore, the end point can be obtained by extrapolation of the linear portions of the titration plot.
Conclusions
The membrane SCN --selective electrode, prepared with N,N′-ethylene-bis(4-methylsalicylidineiminato)nickel(II) under optimal PVC-membrane ingredients, revealed a Nernstian response over a wide thiocyanate concentration range, fast response time, reproducibility and long lifetime. The present thiocyanate ion-selective electrode displayed very good selectivity for the SCN -ion with respect to NO3 -, I -and other halide ions. The electrode was used as an indicator electrode for the determination of a SCN -solution with an Ag + solution. The membrane electrode was successfully applied to determining the thiocyanate content in biological samples. Table 4 Comparison of the potentiometric parameters of the proposed thiocyanate selective electrode with some other thiocyanateselective electrode a. Ionophores I, II, were bis(2-mercaptobenzoxazolato)mercury(II) and bis(2-pyridinethiolato)mercury(II), respectively. b. Ionophores I, II, III, were di-, tetra-, and hexa-imidepyridine derivatives, respectively. 
